branchiostegal membranes. X-ray videos indicated that especially the brood located close to 1 7 the gills is moved anteriorly during churning. These data suggest that, in addition to mixing gills and buccal cavity during churning is to prevent clogging of the eggs near the gills. 
cavity resulting from egg accumulations. cameras, and (2) the head showed negligible roll, yaw or pitch.
2 4
The two-dimensional coordinates of eleven anatomical landmarks (shown in the left 1 2 5 column of Fig. 2 ) were determined on each video frame using Didge 2.3 (Alistair Cullum,
Creighton University, USA). From these coordinates, six kinematical variables were 1 2 7
determined as distances between two of these landmarks minus the minimum distance of the 1 2 8
entire cycle: (1) mouth opening, (2) premaxilla protrusion, (3) hyoid depression, (4) 1 2 9 suspensorium abduction, (5) branchiostegal membrane abduction, and (6) operculum
abduction. The precise meaning of these variables is illustrated graphically in Fig.2 (left 1 3 1 column). Digitization noise was filtered on the distance versus time profiles using a zero-
phase shift, fourth-order low-pass Butterworth filter with a cut-off frequency of 3 Hz. In order to compare the kinematics of respiration with that of churning in a standardised
way, each video frame was assigned a "relative time". The relative time duration of the full
motion cycle is 100%, and the start of mouth opening is set as relative time = 0%. This potentially confusing time-averaged profiles with multiple peaks due to differences in way ANOVA was used with individual as the second factor. Two variables, maximum 1 4 2 opercular abduction and maximum protrusion, were log-transformed to pass the normality never significant. Statistics were performed using SigmaPlot 11.0 (Systat Software Inc.,
Germany).
4 7
External flow visualisation
To visualise the inflow and outflow through the opercular slits, bright yellow
polyethylene microspheres with a density of 1.00 g cm -3 and a diameter of 425-500 μm
(Cospheric LLC, Santa Barbara, USA) were added to the water of the small filming aquarium. Close-ups of the opercular region were filmed at 250 frames per second using a
Redlake M3 camera. Two LED-panels (Falcon Eyes, Hong-Kong) provided the necessary region of interest) was selected on which forty-nine individual particles were tracked.
X-ray video analysis
We managed to place a small, wooden sphere with a fragment of steal in the centre
into the buccal cavity of a mouthbrooding female and record its motion during nine 1 5 9
sequences of churning using high-speed X-ray video. This experiment was the only 1 6 0 successful one of five attempts. In the unsuccessful experiments, the brooding females
responded to either sedation (using MS222) or the manipulation (forcing the dummy egg held
by forceps into the mouth) by expelling all the eggs. The sphere is larger than the eggs 2E,K) was significantly larger during churning (2.8 ± 1.2 mm) compared to respiration (1.7 ± 2 0 0
1.1 mm). Abduction of the suspensoria followed the same trend (churning: 1.7 ± 0.7 mm , 2 0 1 respiration; 1.1 ± 0.7 mm), but this difference was not great enough to exclude the possibility
that it is just due to random sampling variability after allowing for the effects of differences 2 0 3 in individuals (F 1,2 = 3.98, P = 0.060).
0 4
As hypothesized, a posterior to anterior wave of expansion was indeed present during 2 0 5
churning, but not during respiration. During churning, first the opercula reach their peak before the expansion wave starts at the posterior side of the head, and can safely be = 98 ± 3%) while the other elements were compressing the buccal and opercular cavity. During respiration, the instant of mouth opening (t rel = 62 ± 8%; Fig. 2G ) on average shortly
preceded the abduction of the suspensoria (Fig. 2I) and opercula ( Fig. 2K ) (both at t rel = 72 ± 2 1 6 3%), after which finally the abduction of the ventral part of the branchiostegal membrane 2 1 7
occurred (peak at t rel = 98 ± 3%). of this species during mouthbrooding, the head of a dead specimen was forced into this arrow, at the time of peak protrusion; green arrow, 40 ms after the time of peak protrusion). 
